Background: Campylobacter jejuni strain 11168 was demonstrated to have a broad specificity for eukaryotic surface glycosylation using glycan array analysis. The initial screen indicated that sialic acid and mannose are important binding partners after environmental stress, while galactose and fucose structures are likely to be involved in persistent infection. Results: In this broader study, five additional human/clinical isolates and six chicken isolates were fully assessed to determine their glycan binding capacity using an extended glycan array. C. jejuni 11168 was rescreened here due to the presence of glycoaminoglycan (GAG) and other structures that were not available on our previous glycan array. The current array analysis of additional C. jejuni strains confirmed the growth condition dependent differences in glycan binding that was previously observed for C. jejuni 11168. We noted strain to strain variations, particularly for the human isolates C. jejuni 520 and 81116 and the chicken isolate C. jejuni 331, with the majority of differences observed in galactose, mannose and GAG binding. Chicken isolates were found to bind to a broader range of glycans compared to the human isolates, recognising branched mannose and carageenan (red seaweed) glycans. Glycan array data was confirmed using cell-based lectin inhibition assays with the fucose (UEA-I) and mannose (ConA) binding lectins.
Background
Glycan or carbohydrate based host-bacterial interactions are crucial for the initiation of both disease and colonisation of many bacteria species [1] [2] [3] [4] . Specifically, the ability to recognise a broad range of host cell surface glycosylation has been shown to be crucial for the adherence and infectivity of C. jejuni [3, 4] . In vivo, fucosylated glycans present on human breast milk proteins and free fucosylated oligosaccharides can reduce the incidence of C. jejuni infections in breastfeeding infants [5, 6] . While in vitro, blocking the surface glycans with lectins to fucosylated and terminal galactose structures can completely inhibit the adherence of C. jejuni to Caco-2 cells [3] .
Glycan array analysis of C. jejuni 11168 found that binding of C. jejuni to mannosylated and sialylated glycoconjugates was dependent on the growth or maintenance conditions of the bacteria [3] . After exposure of C. jejuni to environmental stress (normal oxygen and room temperature) the bacteria were found to bind extensively to mannosylated and sialylated glycoconjugates. This binding was eliminated when the bacteria were grown under microaerobic conditions at either 37°C or 42°C; at these conditions binding to galactose and fucose predominated [3] .
Within the Epsilon proteobacteria a complete spectrum of glycans involved in host bacterial interactions has been determined for Helicobacter pylori. Like C. jejuni, H. pylori exhibits broad complexity in carbohydrate-binding specificities. It has been proposed for H. pylori that initial interactions with host tissues may be achieved through binding to the normal gastric epithelium which expresses non-sialylated glycoconjugates such as the Lewis B antigen through the action of the lectin BabA [2, 7, 8] . In addition, persistence of H. pylori infection appears to be mediated through the binding of the lectin SabA to the sialylated diseased epithelium of the chronically infected stomach [2, 8, 9] . In contrast, the initial interactions for C. jejuni 11168, appear to be to highly sialylated and mannosylated structures such as those found on human glycoprotein MUC1, abundant in human intestinal mucosa [3, 4, 8, 10] . While persistent C. jejuni infection in crypts of the intestinal epithelium seems to depend on fucose and galactose, structures more readily found on the gel forming mucins such as MUC2 [3, 4, 8] .
C. jejuni has a broad host range, infecting a wide range of both avian and mammalian hosts. Within eukaryotes there are numerous differences between the types of surface glycans present with differences in sialic acids (Neu5Ac/ Neu5Gc) expressed, level and linkages type to fucose and the degree of terminal α/β linkages to terminal galactose residues [11] [12] [13] [14] . C. jejuni can be either infectious or commensal in different hosts, with disease typically observed in mammals and commensal relationships with avian species. Whether or not the host temperature or glycan expression may play a role in this is still to be elucidated. In this study we analysed the glycan binding profile of twelve strains of C. jejuni isolated from human and avian hosts with differing invasive profiles to determine if there are any glycan binding differences between invasive and non-invasive C. jejuni.
Results
Glycan array analysis of C. jejuni strains Glycan array screening was performed on C. jejuni strains grown under different conditions to determine the glycan binding specificity for each strain tested. Each of the twelve C. jejuni strains was found to recognise a large variety of glycoconjugates present on the array (Tables 1, 2, 3 and 4;  see Additional file 1: Table S1 for full list and structures of glycans).
All but two of the strains, C. jejuni 331 and 520, bound all galactose structures present on the array (Table 1) . The chicken isolate C. jejuni 331 recognised the least number of terminal galactose structures only recognising 15 of the 24 printed structures. Of the nine terminal galactose structures that C. jejuni 331 fails to recognise, seven are disaccharides and no binding was observed to disaccharides containing GalNAc residues. Human isolate C. jejuni 520 failed to bind two structures; one was asialo-GM1 (1 F) and a terminal α-1-4 linked galactose (1 K), both these structures offer unique terminal glycans, with no other glycan present on the array presenting the same structure on the reducing end (Table 1) .
Most variability was observed in binding to Nacetylglucosamine (Table 2; 4A-4E), mannosylated (Table 2; 5A-5H) and sialylated (Table 3 ; 10A-11D) glycans, with different strains recognising variable subsets of each of these structures. Binding to mannose and sialic acid was consistently growth condition dependent for the majority of strains tested (10/12) with differential binding occurring depending on whether the strains were grown under conditions mimicking different hosts (37/42°C with microaerobic conditions) or environmentally exposed (room temperature with normal oxygen; Tables 2 and 3) .
Chitin structures (GlcNAc n ; Table 2 , 4A-4D) are present on the array as a variable repeat length glycan (2-5 sugars in length), with the recognition of these repeat lengths differing between strains tested. The non-invasive chicken isolate 331 has a preference for the smaller repeats (GlcNAc 2-3 ; Table 2 , 4A and B), while almost all other strains preferentially bound to the larger fragments (GlcNAc 5 ; Table 2 , 4D). C. jejuni 11168 was found not to bind any of these structures.
Though sialic acid was in general only recognised under conditions mimicking environmental stress there were several sialylated structures that were also recognised by all C. jejuni strains grow under host-like conditions. Typically the sialylated structures recognised by C. jejuni grown under host-like conditions were also fucosylated. The most noteworthy was binding of the sialylated and fucosylated structures, SialylLewis A and X (Table 3, 10A and B) . Binding differences were observed for human isolates 351, 375 and 520 and chicken isolates 331, 434 and 506, however, these differences could not be attributed to a specific host, chicken or human. Also, C. jejuni strains 520 (human), 81116 (human) and 019 (chicken) were shown to bind at least one non-fucoslylated sialic acid containing structure when grown under host-like conditions. For C. jejuni 520 and 019 this structure is a complex, branched, N-linked glycan that contains within its 11 residues; a mixture of sialic acid (terminal positions on the branches), galactose, mannose and glucosamine linked directly to an asparagine. Therefore, the binding of sialic acid by C. jejuni 520 and 019 to this structure may not be due to any specific recognition of sialic acid under host-like growth conditions. All C. jejuni strains widely recognised structures containing fucose including the bianternary structure present in the sialylated glycans (Table 3 ; 10D), with no significant difference observed between the twelve strains (data not shown; see Additional file 1: Table S1 for list of structures tested).
Numerous differences were observed for the binding of glycoaminoglycans (GAGs) and related structures between the C. jejuni strains tested ( Table 4) . Recognition of GAG structures has not previously been reported for C. jejuni. We found that carageenan structures (red seaweed extract with structural similarities to GAGs) were preferred by chicken isolates, with five of the six isolates recognising these structures. Only C. jejuni 331 did not bind to these structures (Table 4 ; 12A-F). Of the human Table S1 for full list of glycan names and structures. 1A Galβ1-3GlcNAc; 
Each of the strains were analysed at room temperature (left), 37°C (middle) and 42°C (right). Binding +; No binding -. 4A-4D are repeating N-Acetylglucosamine (GlcNAc) structures that increase in length from A-D (4A GlcNAcβ1-4GlcNAc; 4B GlcNAcβ1-4GlcNAcβ1-4GlcNAc; 4C GlcNAcβ1-4GlcNAcβ1-4GlcNAcβ1-4GlcNAc; 4D GlcNAcβ1-4GlcNAcβ1-4GlcNAcβ1-4GlcNAcβ1-4GlcNAcβ1-4GlcNAc; 4E GlcNAcβ1-4MurNAc). 5A and B are mannose containing GlcNAc structures (5A GlcNAcβ1-2Man; 5B GlcNAcβ1-2Manα1-6(GlcNAcβ1-2Manα1-3)Man), while 5C-5H are mannose of differing linkages and branch size (5C Manα1-2Man; 5D Manα1-3Man; 5E Manα1-4Man; 5 F Manα1-6Man; 5G Manα1-6(Manα1-3)Man; 5H Manα1-6(Manα1-3)Manα1-6(Manα1-3)Man). Please see Additional file 1: Table S1 for full list of glycan names and structures). 
Each of the strains were analysed at room temperature (left), 37°C (middle) and 42°C (right). Binding +; No binding -. See Additional file 1: Table S1 for full list and structures of glycans. Each of the strains were analysed at room temperature (left), 37°C (middle) and 42°C (right). Binding +; No binding -. 12A-12 F are Carrageenan repeats; 12G-13E are digested Glycoaminoglycans in their most basic non-repeating unit (12G ΔUA-2S → GlcNS-6S Na4 (I-S); 12H ΔUA → GlucNS-6S Na3 (II-S); 12I ΔUA → 2S-GlcNS Na3 (III-S); 12 J ΔUA → 2S-GlcNAc-6S Na3 (I-A); 12 K ΔUA → GlcNAc-6S Na2 (II-A); 12 L ΔUA → 2S-GlcNAc Na2 (III-A); 12 M ΔUA → GlcNAc Na (IV-A); 12 N ΔUA → GalNAc-4S Na2 (ΔDi-4S); 12O ΔUA → GalNAc-6S Na2 (ΔDi-6S); 12P ΔUA → GalNAc-4S,6S Na3 (ΔDi-disE); 13A ΔUA → 2S-GalNAc-4S Na2 (ΔDi-disB); 13B ΔUA → 2S-GalNAc-6S Na3 (ΔDi-disD); 13C ΔUA → 2S-GalNAc-4S-6S Na4 (ΔDi-tisS); 13D ΔUA → 2S-GalNAc-6S Na2 (ΔDi-UA2S); 13E ΔUA → GlcNAc Na (ΔDi-HA); 13 F-14I are larger repeating Glycoaminoglycans ranging from 4mers to 1.6MDa in size (13 F (GlcAβ1-3GlcNAcβ1-4)n (n = 4); 13G (GlcAβ1-3GlcNAcβ1-4)n (n = 8); 13H. (GlcAβ1-3GlcNAcβ1-4)n (n = 10); 13I (GlcAβ1-3GlcNAcβ1-4)n (n = 12); 13 J (GlcA/IdoAα/β1-4GlcNAcα1-4)n (n = 200); 13 K (GlcA/IdoAβ1-3(±4/6S)GalNAcβ1-4)n (n < 250); 13 L ((±2S)GlcA/IdoAα/b1-3(±4S)GalNAcβ1-4)n (n < 250);13 M (GlcA/IdoAβ1-3(±6S)GalNAcβ1-4)n (n < 250); 13 N (GlcAβ1-3GlcNAcβ1-4)n (n = 4); 130 (GlcAβ1-3GlcNAcβ1-4)n (n = 6); 13P (GlcAβ1-3GlcNAcβ1-4)n (n = 8); 14A (GlcAβ1-3GlcNAcβ1-4)n (n = 10); 14B (GlcAβ1-3GlcNAcβ1-4)n (n = 12); 14C (GlcAβ1-3GlcNAcβ1-4)n (n = 14); 14D(GlcAβ1-3GlcNAcβ1-4)n (n = 16); 14E (GlcAβ1-3GlcNAcβ1-4)n (30000 Da); 14 F (GlcAβ1-3GlcNAcβ1-4)n (107000 Da); 14G (GlcAβ1-3GlcNAcβ1-4)n (190000 Da); 14H (GlcAβ1-3GlcNAcβ1-4)n (220000 Da); 14I (GlcAβ1-3GlcNAcβ1-4)n (1600000 Da); 14 J (GlcA/ IdoAα/ IdoASα/β1-4GlcNAc/GlcNS/GlcNAc6Sα1-4)n; 14 K (Glcβ1-4Glc)n; see Additional file 1: Table S1 for full list of glycan names and structures).
isolates, only C. jejuni 11168 and 81116 bound to the carageenan structures. C. jejuni 81116 was the only strain that bound with any consistency to the enzymatically digested GAG disaccharide fragments (Table 4; 12G-13H). However, all strains of C. jejuni tested bound to hyaluronin, chondrotin, heparin and dermatin.
Lectin and glycan competition adherence assays
As previously shown with C. jejuni 11168, lectins that recognise structures similar or identical to those recognised by C. jejuni, can be used to inhibit adherence to the surface of Caco-2 cells [3] . For the adherence inhibition assays, using both lectins and free glycans, C. jejuni was grown at 37°C in a microaerobic environment, mimicking one of the growth conditions used in glycan arrays assays. Two lectins were tested; ConA (mannose binding lectin) and UEA-I (fucose binding lectin).
As predicted from the array results, ConA had the greatest inhibitory effects on the adherence of C. jejuni 81116 and 331 with reductions of more than 70%, no significant difference was observed for the other strains tested ( Figure 1A) . UEA-I resulted in significant reduction in adherence for all strains tested but did not affect the adherence of the control E. coli DH5a strain ( Figure 1B) .
Free glycans were also tested on the adherence of two C. jejuni strains; the clinical isolate 11168 and the chicken isolate 331. Using 100 μM of free blood group antigens, A blood group trisaccharide (glycan 7 K on the array) and the H disaccharide (O-blood group antigen; glycan 7 F on the array), resulted in the significant decrease of adherence of both C. jejuni 11168 (P < 0.05) and 331 (P < 0.05) to Caco-2 cells ( Figure 1C ). Free mannose (α1-2 Mannobiose at 100 μM; glycan 5C on the array) had no effect on the binding of C. jejuni 11168 to Caco-2 cells but did significantly reduce the adherence of C. jejuni 331 (P < 0.05; Figure 1C ). This result is in agreement with the array data, with both strains binding blood group antigens but only C. jejuni 331 recognising mannose under the condition tested ( Table 2) .
Discussion
All C. jejuni strains tested in this study showed remarkable similarity for the general types of glycan structures that were recognised. Looking globally at the total array, C. jejuni behaves as a species with little variation, each strain bound to both α and β galactose, terminal and subterminal fucosylated structures and to a subset of glycoaminoglycans at all conditions tested. All strains also exhibited binding to a broader range of glycans when placed under environmental stress. Only chitin, a common insect and crustacean glycan, showed major differences when viewed from a global perspective, with one strain, C. jejuni 11168, failing to recognise any chitin molecule. No major difference was observed between C. jejuni strains isolated from different hosts.
The possibility of galactose and fucose being involved in the persistent colonisation of C. jejuni [3, 4] is supported by the interactions observed in this study. All twelve strains, whether isolated from avian or clinical sources, bound broadly to uncapped galactose structures and fucosylated structures. These results were confirmed by inhibition of adherence to cells blocked by competing C. jejuni adherence with UEA-I. Of the strains tested only one chicken isolate (331) and one clinical isolate (520) showed variability in the galactose structures bound. Of interest is the broad specificity of all the C. jejuni strains for galactose and fucosylated structures. Only strain, C. jejuni 520, showed binding differences based on linkage specificity with Galβ1-3GalNAc (asialo-GM1 1 F) and terminal α-1-4 linked di-galactose (1 K) glycan structures not being recognised.
The fact that C. jejuni recognises a broad range of both α and β linked galactose may offer some explanation for such a broad host range, as might the lack of specificity for linkage and position of fucose in fucosylated structures. α-linked galactose are not common in humans but are common in many other mammals and avian species [13] [14] [15] [16] [17] . Some strains of C. jejuni are known to produce the Pantigen, a terminal α-linked galactose, as a part of their LOS structure to mimic the glycans of potential avian and non-human mammalian hosts [13, 18] . β-linked galactose structures are common to all animals known to be infected with C. jejuni. The fact that C. jejuni recognises both α and β linked galactose indicates either a broad specificity galactose binding lectin or two or more lectins with restricted specificity. As binding to these different galactose structures is not preferential under any condition tested, it is likely that a single yet to be identified broad specificity glactose binding lectin is expressed by C. jejuni.
Fucose is a known chemoattractant of C. jejuni but the binding observed in our glycan array analysis is unlikely to be related to the periplasmic receptors for chemotaxis. Fucose surface expression in humans is dependent on a range of fucosyltransferases that can be differentially expressed both throughout tissues and between individuals resulting in differential fucosylation between tissue types or differential fucosylation of the same tissue types when comparing two nonrelated individuals. As C. jejuni has no preference for linkage or location it is likely that either the same protein that recognises galactose is binding fucosylated structures but ignoring the presence of fucose or that C. jejuni has a broad specificity fucose binding lectin.
Binding to N-acetylglucosamine structures was differential between strains with three strains not recognising GlcNAc structures at all (C. jejuni 11168, 019 and 108). Typically among strains that did recognise GlcNAc structures the longer repeats were preferred. Only C. jejuni 331 (under all conditions), 81116 (under all conditions) and 351 (under environmental conditions) recognised the short repeats. Chitin a common glycoconjugate found in insects and crustaceans is comprised of repeating GlcNAc residues. It is possible that C. jejuni strains that recognise GlcNAc structures may use insects as vectors as described by Hald et al. [19] , or that strains with GlcNAc recognition can better infect crustaceans to survive and propagate in fresh water ponds and streams [19, 20] . Chitin recognition may therefore be important for environmental survival and spread, also offering advantages for re-infection of more preferred avian or mammalian hosts.
In line with previously reported data [3] , mannose was recognised more often after environmental stress by most of the C. jejuni strains tested. C. jejuni 331 and 81116 were the only strains to recognise a wide variety of mannose structures under all growth/maintenance conditions. Several other strains, more common to the chicken isolates tested (Human isolate: C. jejuni 351; Chicken isolates: C. jejuni 108, 434 and 506), also recognised some of the branched mannose structures under all conditions tested. Branched mannose is far more common in complex N-linked glycans found on many different cell surface proteins. These branched mannose structures are typically capped by other sugars including Glc/GlcNAc, Gal/ GalNAc and sialic acid implying that either these interactions are through subterminal binding proteins that can recognise capped structures or are not biologically relevant to infection/colonisation. From the binding profile of C. jejuni to the complex sialylated structure, 11D, it appears in all cases but C. jejuni 108 that subterminal recognition of mannose in complex N-linked glycans can be ruled out.
Similar to C. jejuni binding to mannose, sialic acid recognition was only observed following a period of environmental stress, with all the C. jejuni strains tested exhibiting significantly more binding to sialylated glycans when maintained under normal atmosphere and at room temperature. This indicates that an adhesion/lectin able to bind sialylated glycans is regulated by the exposure of C. jejuni to environmental stress. As yet, no such protein has been elucidated in C. jejuni. Sialic acid is a common glycan present on multiple cell types and is typically the terminal sugar presented. In the intestines MUC1 is the most heavily sialylated protein present, however, MUC1 acts as a decoy receptor for bacteria and other viral and microbial infecting agents [10] . When MUC1 is bound by pathogens it is released from the cell surface and allows the pathogen to be excreted into the environment through the lumen [10] . A number of pathogens, including C. jejuni, are more infectious, have a lower infectious dose or get into deeper tissues faster when administered to MUC1 −/− mice [10] . Of the few sialylated structures that were bound more broadly by C. jejuni, 10A (C. jejuni strains 351, 375, 520, 331, 434, 506), 10B (C. jejuni strains 351, 375, 520, 331, 434, 506) and 10D (all strains tested), are all fucosylated, indicating that the binding to these glycans may be more due to fucose than to sialic acid. C. jejuni 81116, once again, recognised a wider variety of sialic acid containing structures than the other C. jejuni strains tested, binding to α2-3 linked sialylactosamine structures. C. jejuni 81116 has a vastly different cell surface glycosylation profile than other C. jejuni producing larger non-sialylated LPS like molecule rather than the traditional LOS seen for other C. jejuni [21] . It may be interesting to speculate that surface glycosylation can play a role in the inhibition of the binding of C. jejuni to sialylated glycans, particularly through charge-charge repulsion. Sialic acid is a negatively charged sugar and C. jejuni strains such as 11168 are known to have surface glycosylation that contains sialic acid [22, 23] . Of the strains that bound to sialyllewis structures (10A and B), we have recently shown that, C. jejuni 351, 375 and 331, do not have surface sialylation [24] , indicating these strains may be able to recognise the underlying fucose. We are yet to confirm the sialylation levels of C. jejuni strains 434 and 506. C. jejuni 520 seems to be a special case as the LOS it produces appears to be very heterogenous [24] . We have shown using lectin array and surface plasmon resonance that a proportion of the LOS produced by this strain is completely non-sialylated at all growth conditions tested [24] . It is therefore possible that sufficient C. jejuni 520 was present in the assay with low or no surface sialylation allowing for recognition of the underlying branched fucose.
Glycoaminoglycan binding by C. jejuni on glycan arrays has not previously been reported. C. jejuni in general preferred larger GAG fragments, with the most consistent binding observed to full length GAGs of up to 1.6MDa. GAGs are common extracellular matrix components and are expressed in on the surface of a broad range of cells [25] [26] [27] . GAGs are also known to associate with known cell surface targets of C. jejuni including fibronectin [25] [26] [27] . Once more 81116 had the broadest recognition for GAG and related structures recognising all the structures present on our array.
The non-invasive C. jejuni strain 331 had a preference for longer, branched galactose structures and was less likely to associate with disaccharides or terminal NAcetylgalactosamine structures. This is of interest as C. jejuni 331 is known to be a strong chicken coloniser, capable of out competing other C. jejuni strains in coinfection studies and has been proposed as a potential non-virulent bioreplacement bacteria [28, 29] . It is possible that the lack of binding to disaccharide and small sugar subunits by C. jejuni 331 may offer a competitive advantage, allowing 331 to better colonise the intestinal crypts by ignoring smaller sugars in the lumen. Monoand di-saccharides are common products from the activity of glycosidases in the intestinal tract of animals. This makes mono-and di-saccharides potential decoy receptors for C. jejuni in the chicken gut and as such, bacteria that do not bind to smaller sugars would potentially have a competitive advantage.
Conclusions
The conclusions drawn from the initial screening of C. jejuni 11168 on our glycan array [3] have in the main been confirmed by the screening of additional strains. Sialic acid and mannose still appear to be the general structures recognised after environmental stress, appearing to be important for initial host pathogen interactions. Galactose and fucose structures still appear to be crucial for the persistence of infection. Little difference is seen between the isolates from clinical or chicken hosts, with the exception of carageenan and branched mannose binding, with both more likely to be recognised by chicken isolates than those isolated from humans. This study increases the understanding of C. jejuni glycan recognition and provides a model for the study of complex glycan recognition from a number of other yet to be screened bacterial species.
Methods

Bacterial strains and growth conditions
The strains used in this study can be found in Table 5 . Bacteria were grown as previously described [3] .
Glycan arrays
Glycan arrays were prepared and performed as previously described by Day et al. [3] with slight modification to the preparation of the slides as outlined by Hartley-Tassell et al. [30] using the glycan library described in Arndt et al. [3, 30, 31] . See Additional file 1: Table S1 for full list and structures of glycans. The arrays were scanned by a ProScan Array scanner at 488/520 nm and the results analysed by ScanArray Express software program. Binding was defined as a value greater than 1 fold increase above mean background relative fluorescence units (RFU). The mean background was calculated from the average background of empty spots on the array plus three standard deviations. Statistical analysis of the data was performed 
Lectin competition adherence assays
Adherence and lectin competition assays were performed as previously described [3] , however, only using C. jejuni grown at 37°C under micraerobic conditions. E. coli DH5α cells were used as a control for the lectin competition assays to ensure that reduction in adherence was not due to steric hindrance of the lectins on the cell surface inhibiting cell binding to non-glycan targets. Lectins were used at 10 μg per well. All assays were performed in triplicate.
Free glycan inhibition assay
Adherence assays were performed as previously described [3] under conditions described above. Two exemplary strains of C. jejuni were used for this analysis, the human clinical isolate 11168 and the chicken isolate 331. Free glycan (H-disaccharide, A-blood group antigen and α1-2 mannobiose) were added to the media at a final concentration of 100 μM just prior to addition of the bacteria.
Additional file
Additional file 1: Table of Glycans.
